Using 3D Langevin dynamics simulations, we investigate the effects of the shape of crowders on the dynamics of a polymer chain closure. The chain closure in spherical crowders is dominated by the increased medium viscosity so that it gets slower with the increasing volume fraction of crowders. By contrast, the dynamics of chain closure becomes very complicated with increasing volume fraction of crowders in spherocylindrical crowders. Notably, the mean closure time is found to have a dramatic decrease at a range of volume fraction of crowders 0.36−0.44. We then elucidate that an isotropic to nematic transition of spherocylindrical crowders at this range of volume fraction of crowders is responsible for the unexpected dramatic decrease in the mean closure time.
I. INTRODUCTION
The process when two monomers separated by a large distance along the polymer chain come close enough to start interacting with each other is called loop formation. Loop formation of a polymer chain has been studied widely by experiments, theory, and simulations due to its great biological relevance . For instance, the loop formation of DNA in the cell nucleus induced by transcription factor proteins makes sites of DNA separated by several µm on the genetic map be in molecular contact [1] . Another example is the contact formation of polypeptide chains which is considered as a basic step of protein folding [2] . Apart from its prevalence in biological systems, loop formation also exists widely in chemical systems, such as in telechelic polymers [3] and in carbon nanotudes [4] .
So far, many specific aspects affecting the dynamics of a chain closure have been discussed, including the chain stiffness [5] [6] [7] , the Coulomb interactions [8] , the confinement effects [9] , the complex chain relaxation [10, 11] , and the excluded volume effects [12] [13] [14] [15] [16] [17] . Due to its close biological relevance, how loop formation occurs in realistic cellular environments is an intriguing issue. The cellular environment in living biological cells is highly crowded and filled with a plenty of biomacromolecules, such as proteins, ribosomes, lipids, and cytoskeleton fibers. The volume fraction of these contents can be as large as 40%. It has been recognized in recent years that the crowded cellular environments could affect many biological processes, including gene expres-sion and protein folding, etc. It is without doubt that an investigation about the dynamics of a polymer chain closure in crowded environments is of significant importance and meaning. Indeed, several advances in this aspect have been achieved recently [41] [42] [43] [44] [45] . Toan et al. [43] have studied the looping kinetics of self-avoiding polymers in crowded media and found that looping is entropically aided by the depletion effect while the increased friction impedes the diffusive encounter of the chain ends. The interplay of the depletion effect and the increased friction makes the looping of short chains slower and that of long chains faster [43] . Lately, Shin et al. [44] have reported how the crowder size affects the kinetics of polymer looping and showed that the loop formation gets slower in small crowders while it is accelerated in big crowders. More recently, they have investigated the polymer looping in crowded solutions of active particles and found that the presence of active particles yields a higher effective temperature of the bath so that the looping is facilitated [45] .
It has been suggested by Kondrat et al. [46] that the polydispersity of the size of crowders has a striking effect on the diffusivity of macromolecules. At the same volume fraction of crowders, the chain diffusivity was shown to be slower with an increasing content of the small crowder in the composition [46] . Meanwhile, Kang et al. [47] reported that the polydispersity of the shape of crowders affects the conformational properties of semiflexible chains significantly. Obviously, the chain diffusivity and the chain conformational properties are closely related to the dynamics of a chain closure. However, up to now, how the polydispersity of the size and the shape of crowders affect the dynamics of a chain closure remains unclear. Therefore, by using three-dimensional (3D) Langevin dynamics simulations, we investigate in this work the dynamics of a chain closure in crowded environments where two different shapes of crowders, i.e., the spherical and spherocylindrical crowders are introduced into the system. Note that the effects of the polydispersity of the size of crowders on the dynamics of a chain closure is not the subject of the present work.
II. MODEL AND METHODS
The polymer in the simulations is modeled as a beadspring chain [48] . Each bead in the chain represents a segment. The finite extension nonlinear elastic (FENE) potential is applied between neighboring beads along the chain to achieve their connections described by the spring. Here, the FENE potential is given as
where r is the distance between consecutive beads, k is the spring constant and R 0 is the maximum allowed separation between connected beads. The repulsive nonbonded interactions between chain beads are modeled by the truncated Lennard-Jones (LJ) potential, namely the Weeks-Chandler-Andersen (WCA) potential [49] 
Here, σ=1 is the diameter of a chain bead, r is the distance between beads, and ε=1 is the interaction strength between beads.
In order to mimic the crowding environments in realistic cells, crowders with different shapes are introduced into the cubic simulation box of a size L 0 =15σ. As shown in FIG. 1, two different shapes of crowders are considered in the present work, i.e., spherical (Stype) crowders and spherocylindrical (SC-type) crowders. The diameter of a S-type crowder is σ. The SC-type crowders are formed by connecting 5 spherical crowders together through the above FENE potential and a bending potential between successive bonds is applied
Here, θ is the angle between adjacent bond vectors with its equilibrium value θ 0 being set to be π, and κ=1200 is the bending constant. Therefore, the SC-type crowder in our simulations can hardly bend and behave like a rod. The interactions between chains beads and two kinds of crowders are purely repulsive, which can also be described by the above WCA potential. In the simulations, the motions of chain beads, S-type crowders and beads in SC-type crowders are described by the Langevin equation [50] : where m is the bead's mass, ξ is the friction coefficient of a bead, v i is the bead's velocity. For chain beads,
For beads in SC-type crowders,
and −ξv i is the conservative, frictional forces exerted on the ith bead, respectively. F R i is the random force satisfying the fluctuation-dissipation theorem [51] . The system energy, length and mass scales are determined by the LJ parameters ε, σ and bead mass m, leading to the corresponding time scale t LJ =(mσ 2 /ε) 1/2 which is order of ps. The reduced parameters for all simulations in this work are chosen to be R 0 =2, k=7, and the temperature T =1.2. Then the Langevin equation is integrated in time by the method proposed by Ermak and Buckholzs [52] with the time step ∆t=5×10 −3 . Initially, a polymer chain of the length N =20 and a set number of crowders N c are introduced into a cubic simulation box of a much larger size L=10L 0 . N c is first estimated according to a pre-specified volume fraction of crowders ϕ 0 and then obtained by rounding. In this way, the placement of crowders becomes much easier. Note that the periodic boundary conditions are applied in all directions. Then, the simulation box begins to contract gradually till its size equals to L 0 . During the contraction process, the thermal relaxation of the chain and crowders described by the Langevin thermostat proceeds simultaneously. As the contraction process completes, the thermal relaxation continues for 5×10 3 t LJ . To ensure sufficient equilibration of the system, we have calculated the autocorrelation function of the end-to-end vector c(t),
Here, R(t) and R(0) is the end-to-end vector at time t and 0, respectively. 0.36 and 0.45 is 37, 439, and 690, respectively. These τ a are much shorter than the thermal relaxation time 5×10 3 t LJ in the simulations so that the the system is actually equilibrated even for the highest volume fraction of crowders ϕ=0. 45 we have studied. With all of these done, the chain dynamics is monitored till its two end segments are within a capture radius a=2.5σ, i.e., a closure event completes. The closure time t c is identified with the first passage time of the searching process of the two end segments. Each datum point reported in this work is derived from averaging over 2000 independent runs so as to reduce statistical errors. The mean closure time τ c is an average of 2000 closure times t c .
III. RESULTS AND DISCUSSION
The process of a polymer chain closure is a conformational transition from the states that the chain with an end-to-end distance R ee >a to the state R ee =a. In realistic cells, the conformational transitions of biopolymers, such as proteins, take place in crowded environment. The presence of crowders leads to an increased medium viscosity. Meanwhile, non-ignorable depletion attractions between chain segments emerge. Obviously, the increased medium viscosity impedes the contact of the two end beads of the chain as its conformational transition could be considered as a diffusive process of barrier crossing according to the Kramers theory [53] . However, the depletion attractions compress the conformational space of the chain and thus facilitate the chain closure. The interplay of these two favorable and unfavorable factors for the chain closure process resulting from the crowding effects determines how the dynamics of chain closure depends on the volume fraction of crowders ϕ.
It has been suggested by Shin et al. [44] that the size of crowders could determine the outcome of this interplay. Specifically, the chain closure gets slower in small crowders as the increased medium viscosity dominates; while it becomes faster in big crowders due to the prevailing confinement effects. We noted that the shape of crowders could affect the conformational transitions of semiflexible polymer chains significantly [47] . For flexible chains, this factor should also play an important role in the conformational transitions of chains and the dynamics of chain closure investigated here. Therefore, we have performed a set of simulation contrast tests to examine how the shape of crowders affects the dynamics of chain closure.
The core result of this work is presented in FIG. 3 . When the crowders in the system are spherical, the mean closure time τ c increases monotonically with the increasing volume fraction of crowders ϕ. This observation is due to the dominating increased medium viscosity during the chain closure and is consistent with the work of Shin et al. [44] . By comparison, for SCtype crowders, the dynamics of chain closure gets much more complicated as ϕ increases and can be roughly divided into four dynamic regimes. For ϕ≤0.08, a slight decline in τ c is observed. With a further increase in ϕ, τ c increases sharply till ϕ=0.36. Afterwards, a dramatic decrease in τ c emerges and the chain closure at ϕ=0.44 is even faster than that at ϕ=0. Finally, a sharp increase in τ c appears again.
The complicated dynamic behaviors of chain closure proceeding in SC-type crowders reflect the complexity of the interplay between the unfavorable increased medium viscosity and the favorable compressed conformational space in this case. The strength of the depletion attractions induced by the presence of Stype crowders is ≈ϕk B T /σ 2 . However, this strength is ≈ϕP k B T /σ 2 for SC-type crowders with P being the length of SC-type crowders [47] . Therefore, a polymer chain in SC-type crowders is likely to be more compact than the one in S-type crowders at the same ϕ. As shown in FIG. 4 , the mean squared end-to-end distance of a chain in SC-type crowders ⟨R ee ⟩ is always smaller than that of a chain in S-type crowders at the same ϕ. When the increased medium viscosity induced by the presence of crowders is not very striking at low ϕ, the smaller ⟨R ee ⟩ of a chain in SC-type crowders accounts for the slight decline in τ c . As ϕ increases further, the increased medium viscosity dominates the dynamics of chain closure so that a sharp increase in τ c is observed. In contrast to the gradual decrease in ⟨R ee ⟩ of a chain in S-type crowders at the whole range of ϕ we have measured, the chain in SC-type crowders undergoes a dramatic decrease in its size at ϕ=0. 36 Unlike the isotropic S-type crowders, the SC-type crowders in this work have an aspect ratio δ=P/σ≈5 and are highly anisotropic. According to the Onsager theory [54] , the rod-like SC-type crowders may undergo an isotropic to nematic (I-N ) transition with increasing ϕ. To clarify whether the I-N transition would occur as ϕ increases to a certain range, we have calculated the nematic order parameter of the SC-type crowders which is defined as
where θ i is the orientational angle of the ith SC-type crowder. In the simulations, the nematic order parameter S is calculated by solving the largest eigenvalue of the ordering matrix Q. Q is defined in the terms of the orientations of the crowder axes u i [55] 
Here I is the unit tensor. The value of the nematic order parameter S is close to zero in the isotropic phase, while it approaches to one in the nematic phase. As shown in FIG. 5 , an initial decrease in S followed by a stable value of S is observed due to a small quantity of SC-type crowders. However, S increases dramat- ically as ϕ≥0.32 which is indicative of the I−N transition. Concomitantly, the polymer chain is confined among SC-type crowders so that a sharp decrease in its ⟨R ee ⟩ occurs. This similar caging effect on a polymer chain has also been reported by Shin et al. [44] . The difference lies in that the caging effect here is a result of the I-N transition of SC-type crowders, while in the work of Shin et al. [44] , this effect is just caused by the size of crowders. In addition, both the strength of the depletion attraction induced by SC-type crowders and their excluded volume interactions depend on the size of a SC-type crowder. If the size of the monomer of a SC-type crowder decreases, the strength of the depletion attraction is expected to get enhanced, while the excluded volume interactions is weakened. As a consequence, there might be a more obvious decrease in τ c at low ϕ, and the accelerating effect of the chain closure due to the I-N transition of SC-type crowders at high ϕ might be less pronounced. Nonetheless, the four dynamic regimes of chain closure that proceeds in SC-type crowders would be retained.
IV. CONCLUSIONS
We have investigated the effects of the shape of crowders on the dynamics of a polymer chain closure by using 3D Langevin dynamics simulations in the present work. We show that the chain closure in spherical crowders gets slower with the increasing volume fraction of crowders ϕ, which is simply due to the dominating increased medium viscosity. By contrast, the dynamics of chain closure becomes very complicated with increasing ϕ in spherocylindrical crowders. Notably, the mean closure time τ c is found to have a dramatic decrease at a range of ϕ=0.36−0.44 in this case. The superficial reason is the much more rapid decrease in the mean squared end-to-end distance of a chain in spherocylindrical crowders at this range of ϕ compared with the case of spherical crowders. By calculating the nematic order parameter S of spherocylindrical crowders, we find that the crowders in the system undergo an isotropic to nematic transition with increasing ϕ. It is the occurrence of this transition that gives rise to the striking caging effects suffered by the polymer chain. In view of the complexity of the crowded cellular environments, our results here are of great relevance to the loop formation of biopolymers in realistic cells.
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